Coliform colony-forming units in sewage-contaminated seawater were observed to decrease rapidly with time in water that was collected from St. John's Harbour, Newfoundland, and isolated in dialysis bags; this confirms observations made in warmer climates. Adenosine 5'-triphosphate biomass, however, did not decline, nor did the particle size distribution of radioactively labeled coliforms change. It was observed that the coliforms were not killed by seawater but were debilitated to the extent that they would not form colonies on selective media. However, they recovered and grew on nutrient agar made with seawater. The adenosine 5'-triphosphate content per cell apparently did not decline during debilitation.
Coliform counts near sewage outfalls in marine areas have been observed to decrease much more rapidly than can be attributed to dilution alone (8) . Studies dating back several decades have confirmed that some property of seawater causes a dramatic decline in coliform counts; this work has been extensively reviewed (1, 4, 9) . To date, no work has succeeded in defining a single property of seawater which is responsible for the apparent destruction. Since most of the early studies were conducted in warm-water populations, particularly from the Mediterranean Sea, we first ascertained that coliform destruction occurred in the colder waters of Newfoundland, and then investigated the mechanism(s) of destruction.
MATERIALS AND METHODS Bacterial CFU. Portions of samples diluted into sterile seawater were filtered through HAWG 47-mm membrane filters (0.45 Am, Millipore Corp.). The filters were laid on Levine eosin-methyline blue (EMB) agar (Baltimore Biological Laboratory) and incubated for 48 h at 42°C or on nutrient agar (Difco Laboratories) made with seawater (SWN) and incubated for 72 h at room temperature. The resulting counts were referred to as "coliform" and "total" colony-forming units (CFU) respectively. (The term "CFU" is always used in reference to a particular growth medium, because it incorporates the influences of viability and aggregation of bacteria into the estimation of numbers.)
Dialysis survival experiments. Cellulose [U-'4C]leucine (specific activity, 348 mCi/mmol) per ml and grown to mid-exponential phase. The cells were centrifuged, washed, and suspended in nonradioactive medium before being subjected to survival experiments.
Samples containing the radioactively labeled coliforms were treated in the following ways to obtain an estimate of particle size distribution. (i) Total radioactivity was measured by directly counting 0.5 ml of sample. (ii) "Soluble" (nonparticulate) radioactivity was defined as that which was not sedimented by centrifugation for 10 min at 7,500 x g. To 0.5 ml of sample was added 0.5 ml of a dense culture of nonlabeled coliforms; after centrifugation, 0.5 ml of the supernatant was counted. (The nonlabeled cells were necessary to form a coherent pellet that would retain labeled cells). (iii) "Particulate" radioactivity was defined as that retained on a 25-mm Millipore HA (0.45-,um) filter. After a 0.5-ml sample was filtered, the filter was washed with 5 ml of seawater and counted. (iv) "Large-particulate" radioactivity was defined as that retained on a Millipore LC filter from 0.5 ml of sample. These filters are made of Mitex, a hydrophobic perfluorinated polymer, and have a nominal 10-,m pore size. In trial experiments, more than 90% of coliform bacteria passed through these filters and remained viable; comparable cellulose acetate filters (Millipore SC, 8,m) passed less than 45% of coliforms. Radioactivity retained on these filters was deemed to be protozoan grazers, aggregated or clumped bacteria, and/or cells adsorbed to large particles.
Aquasol liquid scintillation counting mixture (New England Nuclear Corp.) was used for all counting.
Indirect coliform CFU. When coliforms were allowed to recover by growth on SWN, their numbers were determined by examining at least 100 randomly chosen colonies from SWN plates for lactose fermentation on EMB agar. The indirect coliform CFU was defined as the proportion of lactose fermenters growing at 42°C times the total CFU. To avoid subjective bias in this test, SWN plates with twenty to forty colonies each were chosen, and all colonies on each plate were screened regardless of appearance.
RESULTS
Reduction of coliform CFU with time. Surface water collected from St. John's Harbour was filtered through a fine nylon screen and appeared grey and turbid. On day zero, samples of harbor water in dialysis tubing were placed in the floating cage in the harbor and in a tank of clean-flowing seawater at the nearby Marine Sciences Research Laboratory, Memorial University of Newfoundland. Samples were taken at intervals, and total and coliform CFU were determined. Several experiments of this type confirmed the well-documented, rapid decline of coliform CFU in seawater. The trends illustrated in Fig. 1 also demonstrated that the harbor water was more effective in reducing coliform CFU than clean seawater. Later experiments (e.g., Fig. 3 ) demonstrated that the sudden increase in both CFU in the harbor after 10 days was due to loss of integrity of the dialysis tubing. It was observed, incidentally, that harbor water simply stored in a refrigerator for the same period of time showed no significant change in coliform CFU.
Monitoring of multiple parameters in a survival experiment. Two sets of dialysis 6 _'A i tubes were prepared and placed in the cage in the harbor. One set contained harbor water only; the other set contained the same harbor water "spiked" with 0.1 volume of a suspension of "Clabeled coliforms (108 CFU/ml). At intervals, a tube from each set was removed and the following parameters were determined: (i) total and coliform CFU, (ii) ATP (biomass) concentrations, and (iii) (in the spiked samples) total, soluble, particulate, and large-particulate radioactivity. The results of this experiment are summarized in Fig. 2 ; to aid in interpretation, the figure is constructed semilogarithmically, and a change of an order of magnitude has the same dimensions on the ordinate in all component graphs.
In the spiked experiment, the coliform CFU were increased about 103 due to the added microorganisms, so that the behavior of the coliform CFU counts should have been a reflection mainly of the added coliforms. Both the indigenous (Fig. 2a) and the added (Fig. 2b) coliform CFU declined about 3.5 orders of magnitude over the 10 days of the experiment. Total CFU in the control (Fig. 2c) declined about 1.5 orders of magnitude, whereas in the spiked experiment (Fig. 2d ) the decline was nearly 3 orders of magnitude, beginning at a higher initial level than the control. This greater decline was presumed to be due to the higher proportion of coliforms to total CFU: both were in the range 106 CFU/ml.
In contrast to the declines in CFU measurements, other parameters measured remained relatively constant. ATP is considered to be a reliable measure of microbial biomass, irrespective of whether the microbes are bacteria, phytoplankton, or zooplankton (6); it varied over less than 0.7 order of magnitude over the course of this experiment. Biomass, so defined, did not decline with CFU. If the ATP content of a single bacterium is about 10-15 g (6) , the ATP concentration calculated from initial total CFU was 10-8 to i0-9 g/ml, or in the same order as the observed concentrations in Fig. 2e and f. Microscopic observation of the filtered harbor water confirmed that there were too few algae or protozoans present to influence the measured ATP concentration. Hence, death of bacteria should have resulted in a proportional decrease in ATP levels.
Changes in the partitioning of incorporated, labeled leucine among fractions of different size were similarly undramatic over the period of the experiment (Fig. 2g to j) . There appeared to be some conversion of particulate radioactivity to soluble activity ( Fig. 2g and i (10) . Nutrient broth cultures of these organisms, diluted to about 107/ml and placed in dialysis bags, were installed in the harbor cage. Total and coliform counts were taken daily, and all plates were examined for contaminants entering through pores digested in the tubing by cellulolytic organisms.
The results of this experiment were rather surprising. Total and coliform CFU were expected to correspond closely but they did so for only 2 days. Total CFU remained constant, while coliform CFU declined to zero by day 5 (Fig. 3 ). There were no contaminants observable either by colony morphology or by color. Contaminants began to appear on the SWN plates on day 6, and by day 9 total CFU had increased by 102 and coliform CFU had begun to increase again (Fig. 3) .
Colonies from the SWN plates of day 5 were streaked on Levine EMB agar. All colonies (20 of 20) were lactose positive.
Cellular ATP during a survival experiment. ATP concentration was measured during a pure-culture survival experiment. The amount per total CFU remained within a threefold range until day 6 (Table 1) ; by this time, the coliform count declined to 4% of the total count. After this, the measurements were distorted by contamination. from the nearest outfall. Total and coliform CFU were determined in triplicate, and then indirect coliform CFU were determined from the SWN plates.
Examination
In all samples, debilitation ranged from 24 to 91% (Table 2) ; the latter showed our estimate of coliforms, based on direct counts, to be 10-fold too low. We presumed that the continuing influx of fresh sewage prevented the proportion of debilitation from approaching 100% as it did when sequestered organisms were observed.
DISCUSSION
The debilitation of coliforns, defined as the inability of living cells to grow on diagnostic media (also referred to as "injury" or "stress"), has been observed in frozen foods (14) , chlorinated sewage (13), fresh waters (2, 11) , and a few marine samples (11) . In open-water situations, in which measurements are complicated by the continuing input of unstressed coliforms, the loss of viability on selective media ranges from onefold (no stress) to sevenfold (11) . Steady-state systems such as sewage treatment plants reveal greater proportions of injured bacteria (up to 38-fold) (11) .
Bissonnette et al. (2) confined coliforms in membrane filter chambers and suspended the chambers in freshwater. In almost all samples, the surviving bacteria contained a significant proportion of debilitated cells; high proportions (>95%) of injured cells, however, were generally found in samples with very poor survival rates (0.1 to 15%). In contrast, our observations indicate that in seawater the rate of injury is high, but survival is also very high.
If this phenomenon is found to be generally true under other oceanographic conditions and in other laboratory environments, it may be necessary to conclude that seawater actually protects debilitated bacteria from death. If this is so, the currently accepted (1, 4, 8, 9) 
